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INTRODUCTION
Water temperature is an important water-quality characteristic in streams because the rates of most chemical and biological reactions are temperature dependent. As an example, dissolved oxygen in water decreases and fish metabolic rate increases as water temperature increases. Water temperature has a direct influence on the quality of water for domestic supplies, fish, waste assimilation, and industrial and agricultural use.
Dams capable of releasing water from several levels with different temperatures can provide cooler or warmer water temperatures downstream at critical times of fish spawning, rearing, or migration. Federal projects on the Willamette River system do not have this selective withdrawal capability. (The term project is used to represent dam and reservoir throughout this report.) Evaluation of the feasibility of constructing multilevel water-withdrawal structures at Federal projects requires an accurate understanding of the temperature regime downstream of a reservoir under present and planned withdrawal conditions. This study was done in cooperation with the Portland District of the U.S. Army Corps of Engineers as part of the Corps' Willamette System Temperature Control Study (WSTCS). Morse and others (1988) summarize the objective of WSTCS for the Santiam Basin. The objective of this study was to determine the feasibility of using selective withdrawal from Detroit Lake on the North Santiam River and Green Peter and Foster Lakes on the South Santiam River to control water temperatures in the North and South Santiam Rivers. Stream-temperature and atmospheric condition data were collected to calibrate and validate a mathematical temperature model for the North Santiam River from downstream of Big Cliff Dam (RM [River Mile] 57 .2) to Green's Bridge (RM 14.6 ) and for the South Santiam River from downstream of Foster Dam (RM 36.7) to near Jefferson (RM 1.4). The location of the study area is shown in figure  1 .
Problem
The U.S. Army Corps of Engineers has constructed four dam and reservoir projects in the Santiam River basin. At present, water is withdrawn from the hypolimnion of each reservoir. The effects of releases from Corps of Engineers' reservoirs on the water temperatures downstream in the Santiam River basin have not been fully determined. The U.S. Army Corps of Engineers would like to determine if operation of selective withdrawal structures can control effects of projects on downstream water temperatures in a manner to enhance fishery habitat. In order to accomplish this, reliable predictions for downstream river temperatures without projects must first be obtained. The evaluation includes the determination of the downstream temperature effects and how far downstream water temperatures are affected (the point at which the difference between with-project and without-project water temperatures is negligible).
Purpose
This report documents the results of a study to quantify the effects of Corps of Engineers' reservoirs on the water temperatures of the North and South Santiam Rivers. The results of this study will aid the Corps of Engineers in determining the feasibility of using selective withdrawal from Corps' reservoirs to control water temperatures downstream of the projects. It is not within the scope of this report to test flow conditions beyond what was experienced under present operation guidelines.
Approach
Effect of projects on water temperature in a drainage basin can be determined by measuring and comparing temperatures before and after significant basin changes. However, comparison of pre-and post-basin activity changes in water temperature also includes the differences in water temperature due to variations in atmospheric conditions. The atmospheric variability was removed by modeling basin water temperatures with and without the basin changes for the same atmospheric conditions. 
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Climate
The Santiam River basin has a temperate marine climate characterized by dry summers and wet winters. About 80 percent of the normal precipitation falls between October and May. Mean annual rainfall ranges from about 45 inches near Jefferson to more than 100 inches in the higher elevations of the basin headwaters. The two North Santiam River Corps of Engineers' projects control runoff from about 450 mi 2 of drainage area. Detro'it Lake, the larger reservoir, provides 455,000 acre-ft (acre-feet) of storage (at maximum pool elevation) for the purposes of flood control, navigation improvement, power generation, recreation, and pollution abatement. Big Cliff Lake is used to re-regulate water releases from the Detroit project for power generation and has only 4,740 acre-ft of storage (at full pool elevation). Detroit Dam rises 360 feet above the streambed and has a 100,000 kilowatt generating capacity. Big Cliff Dam is 126 feet high and has an 18,000 kilowatt generating capacity.
The South Santiam River has two of Corps Engineers' projects that control runoff from 494 mi 2 of drainage area. Green Peter Lake, located on the Middle Santiam River, provides 430,000 acre-ft of storage (at maximum pool elevation) for the purpose of flood control, irrigation, navigational improvement, power generation, and recreation. Foster Dam, located 8 miles downstream of Green Peter Dam on the South Santiam River, provides 60,700 acre-ft of storage (at maximum pool elevation) for the purpose of flood control, irrigation, navigational improvement, power generation, recreation, and re-regulation for Green Peter project. Green Peter Dam is 360 feet high with a 80,000 kilowatt generating capacity and Foster Dam is 126 feet high with a 20,000 kilowatt generating capacity.
DATA NETWORK Data used in this study were from long-term stream gage and temperature-recording locations, temporary recording sites, and miscellaneous field measurements. The location of long-term stream gages and water temperature recorders plus the temporary additional sites are shown in figure 2. A list of the long-term stations and the period of record for each variable is shown in table 1.
Data were collected at several additional sites during the period of this study from April 1985 to November 1986. In addition to watertemperature, wind velocity and air-temperature data were collected at three sites. Relative humidity, atmospheric radiation, and vapor pressure data were collected at one site. A list of additional sites and the period of record for each variable are shown in table 2. 1951 1951 1951 1928 1978 1953 1953 1953 1932 1953 1953 1953 1938 1985 1985 1985 1931 1985 1985 1985 1921 1962 1962 1974 1935 1980 1962 1962 1962 1963 1983 1963 1963 1974 1963 1973 1973 1973 1974 1973 1963 1963 1974 1923 1962 1962 1962 1962 1963 1963 1974 1939 Month 08 Field surveys were made to obtain channel top-width, cross-section, and water-temperature data. Water-temperature surveys were made July 22 to 24, 1986, on the South Santiam River in the reach from Foster Dam (RM 37.7) to near Jefferson (RM 1.4). Water temperature survey data for the North Santiam River were obtained from a report by Laenen and Hansen (1985) and supplemented by float surveys from July 29 to 31, 1986, in the reach from Fisherman's Bend Park (RM 42.0) to near the confluence with the Willamette River (RM 0.4).
During water-temperature surveys, an attempt was made to float with the stream current and record water temperatures at regular intervals. The purpose was to follow a water parcel and observe how it heated or cooled in response to atmospheric conditions, tributary inflow, streambank canopy, and streambed character (riffle or pool).
Water-temperature cross sections were made at selected locations to determine horizontal and vertical variations in temperature ( fig. 3 ). The uniform temperature distribution shown in the cross sections indicate that a one-dimensional representation of water temperature is justified for the North and South Santiam Rivers.
TEMPERATURE MODEL
The temperature model used in this study was developed and documented by Jobson (1980) . It simulates one-dimensional, unsteady temperature, in steady-state flow, using the Lagrangian, or moving, reference frame. In the Lagrangian framework, an individual fluid parcel is followed and those factors affecting temperature change are applied. 
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The version of Jobson's Lagrangian Transport model (LTM) used to simulate water temperature is based on the equilibrium temperature approach. Equilibrium temperature is defined as the temperature at which there is no net heat transfer across the air-water interface; that is, the amount of heat entering the water body through the air-water interface is equal to the amount of heat leaving the water body through the air-water interface. The equilibrium temperature is the theoretical temperature toward which the water should approach if conditions were to stay stable long enough. The equilibrium temperature equation takes the form:
where H is the amount of heat entering the water body across the airwater interface, K is a variable heat exchange coefficient, T is the water temperature, and Te is the equilibrium temperature. Equation 1 shows that if the equilibrium temperature is greater than the water temperature, the water temperature will increase. Conversely, if the equilibrium temperature is less than the water temperature, the water temperature will decrease. The rate of increase or decrease is dependent on K, the heat exchange coefficient. Jobson (1980 p. 34-35) showed K is dependent on water temperature and windspeed. A complete derivation of the equilibrium temperature equation and the heat exchange coefficient can be found in Jobson (1980) .
Comparisons of long-term (weekly or monthly mean) air and water temperatures at a site unaffected by reservoirs or thermal additions show that the water temperature usually approaches the air temperature within 1 or 2 degrees Celsius (Jobson, 1980, p. 31-33; Moore, 1967, p. K21-K22) . Thus, air temperature can be used to approximate equilibrium temperature.
Assumptions
The assumptions for the version of LTM used here are:
(1) The stream is completely mixed with no lateral or vertical variation in water temperature so that a single measurement of water temperature in a cross section is representative of the cross section as a whole (one dimensional representation).
(2) Air-water interface heat exchange is the dominant heat-transfer process. Bed conduction and biochemical reaction contributions can be neglected.
(3) Tributary sources and diversion sinks are considered, but groundwater inflow and precipitation are neglected.
(4) The equilibrium temperature approach is valid.
(5) Air temperature can be used to estimate equilibrium temperature for the time-step length used.
These assumptions did not place severe restrictions on the model's ability to simulate the system; accordingly, LTM was used to simulate daily mean water temperatures of the North and South Santiam Rivers.
Data requirements
LTM requires inputs of equilibrium temperature (air temperature), windspeed, initial upstream water temperature, and tributary inflow temperature for each time step. To model unsteady discharge, LTM also requires inputs of top width, cross-sectional area, velocity, and tributary-inflow discharge for each time step at each grid point. (Grid points are location numbers.) LTM uses the average of consecutive grid points to define parcel properties. Grid points also are used to add tributary inflow and subtract diversion outflow. Individual grid-point properties need not be identical to site measured properties. However, individual grid-point properties must be chosen so that the average properties of consecutive grid points represent the stream reach to be modeled.
Although atmospheric data were collected within the basin, the requirement to simulate additional years beyond the data-collection period preempted the use of those data for the model. The daily mean air temperature and windspeed used in the model were obtained from the National Weather Service station at McNary Field in Salem.
Daily mean water temperatures and flows from U.S. Geological Survey gaging stations just below Corps of Engineers' projects were used as initial conditions for with-project simulations. Reservoir inflow stations were used as initial conditions for without-project simulations. Model inputs of daily mean discharge and water temperature to account for flow and thermal additions in the downstream direction were obtained from U.S. Geological Survey stations on tributaries.
Short periods of missing daily mean water-temperature data were accounted for by substituting values from a comparable nearby station. Longer periods of missing data were estimated from a linear regression developed using a comparable station. Daily mean water temperatures for sites without a comparable nearby station were extended using harmonic analysis.
The hydraulic model, HYDRAUX, required cross-sectional data in the form of horizontal distance from initial point and elevation and Manning's roughness coefficients for each grid point. HYDRAUX was calibrated by adjusting Manning's roughness coefficients at each grid point until simulated travel times corresponded with those observed by Harris (1968) at a specific flow. Validation consisted of comparing simulated with observed travel times at a second selected flow from Harris (1968) .
The procedure followed for each simulation was to run HYDRAUX for the time period desired to calculate top width, cross-sectional area, and velocity at each grid point for each time step. LTM then was used to simulate daily mean water temperatures at desired locations. Withand without-project simulations were performed for the North and South Santiam Rivers for each of the 5 years.
Calibration and validation
Calibration for the North and South Santiam River was performed with data collected in 1986 and validated with 1985 data. An ETW effective top-width parameter was introduced to account for the increased surface area available for air-water heat transfer (Hansen, 1986 (Hansen, , 1988 . Calibration consisted of adjusting the ETW parameter values to minimize the mean absolute difference (MAD) between modeled and recorded water temperatures at RM 38.5 and RM 14.6 on the North Santiam River and at RM 23.4 and RM 1.4 on the South Santiam River. ETW values ranged from 2.5 to 1.8 on the North Santiam, while a constant value of 1.5 was used on the South Santiam. The results of calibration and validation appear in table 3. Even with the addition of the ETW parameter, water temperatures usually were under-predicted. Daily mean water temperatures were predicted to within a MAD of 0.8 degrees Celsius at all four locations. For comparison, recorded water temperatures are published by the Geological Survey to the nearest 0.5 degrees Celsius.
DETERMINATION OF PROJECT EFFECTS
Effects of project releases were determined by comparing modeled water temperatures at the same location for two senarios; with the projects present, and without the projects present. This approach was used to focus on the effects of the projects under identical atmospheric conditions. Comparison of pre-and post-project water temperatures show the combined effects of projects and annual variations in climate.
Comparison of model simulated with-and without-project water temperatures focuses on the changes in flow and temperature due to the presence of projects. Project effects thus are neither masked nor magnified by differences in air temperature and wind speed between years or by long-term climatic changes.
Simulations with projects present used reservoir release water temperatures and flows as initial conditions. Simulations without projects present used water temperatures and flows from a gage upstream of the project as initial conditions. Pre-project maps provided data for the cross sections needed for HYDRAUX and LTM to route flows and water temperatures through the project reach.
Five calendar years were modeled to estimate the effects of Corps of Engineers projects over a variety of hydrologic and atmospheric conditions. The years chosen were 1977, 1983, 1984, 1985, and 1986 . Calendar years were used instead of water years to satisfy cooperator needs. The year 1977 was chosen because it was a drought year, 1983 had a cool, wet summer, 1984 had a wet spring, and 1985 and 1986 were the data-collection years of the study.
For each year, simulations were made for with-and without-project conditions. The results of these simulations were compared and the difference between with-project and without-project conditions for each daily mean value was computed. Positive differences infer a warming effect while negative differences imply a cooling effect. Differences less than model accuracy (0.8 MAD) are not considered significant. This study concentrated on the downstream effects of Corps of Engineers' projects in the Santiam River basin. Additional information and data regarding flows and reservoir temperatures can be found in Morse and others, 1988 .
North Santiam River
Effects of releases from Corps of Engineers' projects on the daily mean water temperatures of the North Santiam River were examined at three locations: the U.S. Geological Survey gaging station just downstream from Big Cliff Dam (RM 57.3), the U.S. Geological Survey gaging stations at Mehama (RM 38.5), and at Green's Bridge (RM 14.6). Because residence time for water in Big Cliff is usually less than 24 hours, outflow from Big Cliff is assumed to be equivalent to outflow from Detroit. Project effects at each location for each of the selected years are shown in figure 4. Selected statistics for project effects for the years simulated are summarized in table 4.
Comparisons among sites show that the overall average annual effect on the North Santiam River (indexed by the average of the daily mean water-temperature differences) actually increases for some distance below the projects before the effect begins to decrease (table 4) . In contrast, the average daily effect (indicated by MAD) decreases with distance downstream. 'These results indicate that warming effects dissipate more rapidly than cooling effects in the upper reaches of the North Santiam River. Warming and cooling effects attenuate with distance downstream, as evidenced by the decrease in range between the maximum and minimum annual temperatures with distance downstream. Detroit Lake, with a surface area of nearly 3,500 acres at conservation-holding pool level, stores large amounts of heat in the waters of the epilimnion during the summer. Detroit Reservoir is also deep enough that stratification occurs and water temperatures remain cool below the thermocline. Because Detroit Reservoir has only bottom withdrawal capability, water is withdrawn from the hypolimnion (below the thermocline). Thus, during summer inflow water temperatures exceed outflow water temperatures causing cooling effects downstream of the project. From September to November, inflow water temperatures would normally be cooler than outflow water temperatures and, during these months, water temperatures may decrease as water moves downstream. This is in contrast to unregulated streams where water temperatures generally increase as water moves downstream.
Corps of Engineers projects in the Santiam
Project operations result in downstream water temperature effects. Cooling effects occur during conservation holding and low-flow augmentation periods because inflow water temperatures exceed outflow temperatures and outflow volumes exceed inflow volumes. Warming effects occur when reservoir levels are drawn down in the fall in preparation for the flood control season and outflow water temperatures are warmer than those of inflow. During the flood-control season, the reservoirs store water only during storms, and inflow volume equals outflow volume. As a result, inflow temperatures usually are near outflow temperatures. Comparison of effects among years in table 4 show that during dry years, projects have larger cooling effects than in wet years. This is evidenced by 1977 having the greatest magnitude of cooling effect. Increased periods of low-flow augmentation causes greater volumes of cooler water to be released than would normally be in the streams. During cool and (or) wet years (1983, 1984) , the cooling effect is lessened as low-flow augmentation is unnecessary.
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The number of days projects on the North Santiam River had warming or cooling effects for each year at RM 14.6 are given in table 5. The average number of days with warming or cooling effects for the 5 years simulated also is computed and tabulated.
South Santiam River
Effects of releases from Corps of Engineers' projects on the daily mean water temperatures of the South Santiam River were examined at three locations: (1) Differences between with-and without-project simulations show the combined effects of both reservoirs. No simulations were performed for the effects of individual projects on the South Santiam River, even though each project has the potential for construction of selective withdrawal towers. One reason for not examining individual project effects is that residence time in Foster Lake (approximately 11 days for 1,500 cubic feet per second releases at the conservation holding level) is long enough that benefits of selective withdrawal from Green Peter Lake may be lost or greatly diminished. Projects on the South Santiam River follow the general release schedule outlined for the North Santiam River. As on the North Santiam River, project effects can be linked directly to project operations.
Comparison of effects among sites shows that the overall average annual effect and the average daily effect on the South Santiam River decreases with distance downstream (table 6). Little overall annual average effect was found near Jefferson, 35.3 miles downstream of Foster. An overall annual average effect near zero indicates that the annual heat budget near Jefferson remains the same with or without U.S. Army Corps of Engineers' projects. There is, however, a significant redistribution of the heat since average daily effects near Jefferson exceed 0.7 degrees Celsius in each of the 5 years simulated.
The number of days projects on the South Santiam River had warming (greater than 0.8 degrees Celsius difference between with-and withoutproject simulations) or cooling (less than -0.8 degrees Celsius difference) effects for each year at RM 14.6 are given in table 7. The average number of days with warming or cooling effects for the 5 years simulated is also computed and tabulated. Project operations affect downstream water temperatures. Once reservoirs have filled and inflow temperatures exceed outflow temperatures, projects have a cooling effect. Low-flow augmentation has a cooling effect because outflow temperatures are less than inflow temperatures, and outflow volumes exceed inflow volumes. Evacuation of reservoir water in fall months to prepare for flood control has a warming effect when heat stored in the reservoir from the summer is released (inflow water temperatures and volumes are less than outflow water temperatures and volumes). Flood-control operations have little or no effect on the North and South Santiam Rivers.
Extremes in annual climatic variations can exacerbate project effects. During droughts, cooling effects increase primarily because of low-flow augmentation. During cool, wet years, the cooling effect is lessened. During extreme cold, projects have a warming effect as reservoir-release water temperatures remain near 4 degrees Celsius. Table 9 . Records of water discharge for North Santiam River at Mehama (14183000) 1966 Mehama (14183000) . 1977 Mehama (14183000) . and 1983 
